The sequence of events which occurs in a thin confined film of nitroglycerine, after an explosion is initiated by a condenser spark, has been examined by means of a rotating drum camera. I t has been found th a t in a very thin film (< 0*01 mm. thick) the explosion begins as a gentle process which is propagated through the nitroglycerine film a t 400 m./sec. A fter continuing for about 0*5 cm. this process is transform ed suddenly to a more violent type of explosion which is propagated a t 2000 m./sec. The explosion reproduces in m iniature several of the well-known effects characteristic of the setting up of the detonation wave in gaseous mixtures.
Introduction
The experimental study of explosive substances usually centres about two pheno mena: the initiation of explosion under the influence of some external agency, e.g. mechanical shock, or heat, and the propagation of the explosion through the mass of the explosive. The conditions for initiation of the explosion by mechanical shock are frequently examined by means of falling weight impact experiments. The explosive in small quantity is put on an anvil and the energy (or velocity) of impact necessary for initiation of the explosion measured. On the other hand, most work on the propagation of the explosion has been concerned with the measurement of the velocity of propagation through an extended mass of explosive (see, for example, Laflitte 1925; Jones 1928) .
I t is of interest to examine the conditions of propagation of the explosion in th at part of the explosive immediately adjacent to the point where the initiation has been effected. In an earlier investigation (Bowden, Eirich, Ferguson & Yoffe 1943 a; Bowden, Eirich, Mulcahy, Vines & Yoffe 19436; Bowden, Mulcahy, Vines & Yoffe 1947a ) the conditions for initiation of explosion in thin layers of nitro glycerine and other liquid explosives have been described. Examination of the blast marks left on hammer and anvil after the explosion, and of the light effects observed when the explosion was initiated on a photographic plate, indicated th a t the propagation of the explosion in the thin film of liquid between hammer and anvil took place in two or more successive stages, and th at a complex series of events occurred before the final stage of explosion was set up. Furthermore, it was shown th a t this behaviour was not peculiar to the method of initiation but occurred whether the explosion was initiated by impact, electric spark, or rapid heating.
In the experiments described in this paper a rotating drum camera has been used to examine the initial stages of propagation in thin films of nitroglycerine immediately adjacent to the point of initiation. The results obtained confirm the conclusions arrived a t from the earlier experiments, and enable considerable resolution and clarification of the successive events which occur between initiation and the later stages of propagation of the explosion.
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The explosion pattern
When a thin film of nitroglycerine is spread on a flat metal anvil and explosion initiated by the impact of a flat metal fall-hammer, a characteristic blast pattern remains imprinted on the surfaces of hammer and anvil. This blast pattern, which is particularly well defined when polished brass surfaces are used, has been described in some detail previously (Bowden et al. 1943 a, 6) . A brief recapitulation of its most characteristic features is given below. Figure 1 , plate 12, is a typical example of the blast pattern obtained on a brass hammer (diameter 1-8 cm.).* It will be observed th at the surface of the hammer is sharply divided into two regions: one (A) in which the brass has been deformed very little by the explosion and the other (B) in which the damage to the surface has been severe. The relative proportions of the surface covered by each of the regions and their positions relative to each other vary from one explosion to another, but the basic features are retained in each case. The reason for the differ ences observed has been made clear by the result of experiments in which the condition of the nitroglycerine film at the moment of impact was simulated by confining a very thin layer of nitroglycerine between two stationary horizontal brass disks. The explosion was initiated at the centre of the disks by the passage of a condenser spark. Figure 2 ,f plate 12, shows the type of blast pattern invariably obtained on the surfaces of the brass disks. The general features of this pattern closely resemble those of figure 1, except that in the case of the spark-initiated explosion the 'unmarked' region A is central and the boundary of the 'heavily blasted' region B roughly symmetrically disposed about the central point of initiation. It is clear, therefore, that the variation in the relative positions of the regions A and B in the impact experiments is due to differing positions of the point of initiation which may occur a t any point within the area of the surface. * Presumably in the example given in figure 1 the initiation took place at about the point J.
The explosion patterns indicate th at the explosion proceeds outward from the point of initiation by two successive, different modes of propagation, and th at the first explosion process, which follows immediately after initiation, is a relatively gentle one. In fact, it is so gentle th at even a mica surface is practically undamaged by it. The second stage (region B) is much more violent; it causes considerable deformation of the surface in the form of numerous small pits in the metal. These indentations appear to arrange themselves in irregular chains many of which radiate out from the boundary of the unmarked region (see figure 1) .
The sharp boundary between regions A and B indicates an abrupt transition from the gentle type of propagation to the more violent. Figure 3 , plate 12, is an enlarged photograph of a portion of the boundary and shows particularly well the interesting features frequently found to be associated with the sudden trans formation of the first explosion process. In this experiment the surface was well polished before the impact. Within the unmarked area the explosion has removed the polished Beilby layer except for a narrow band (PP) immediately before the transition to the stage of heavy blasting. This is apparent from the fact th a t in the inner part of region A the original lapping marks have become visible. Along the inner edge of the band the brass has been indented by a number of radially disposed groovesf (GG).
The band is again apparent if the surface has been lead plated before the experi ment (figure 4a, 6, plate 12). In both these figures the area A of the first stage is covered by a series of characteristic lines radiating out from the centre (the point of initiation) and separated from the area of heavy blasting, B, by a band of untouched lead. (In figure 46 a portion of the band has been obliterated by a subsequent retrograde process.)
When explosion occurs on a photographic plate { (figures 5a ,6,c, plate 13), or on a transparent anvil at the focus of a camera lens (figure 10a, plate 14), a pattern of light effects is observed which corresponds closely to the blast pattern. It will be seen that a dark band PP, corresponding to the band of unaffected metal on the lead and brass surfaces, separates an inner region (A) from the outer zone (B) in which the photographic emulsion is usually damaged (figure 5). The dark band is * E x p e rim e n ts (B ow den et al. 1943ft) h av e show n th a t th e o b serv ed region A in th e im p a c t ex p e rim en ts is d eterm in e d n o t only b y th e p o sitio n o f th e p o in t o f in itia tio n re la tiv e to th e edge o f th e h am m er b u t p ro b a b ly also b y th e th ick n ess o f th e explosive film a t th e in s ta n t o f in itia tio n . E xplo sio n p a tte r n s co rresp o n d in g to m o re th a n one p o in t o f in itia tio n h av e also been observed q u ite fre q u en tly .
f W hen th e in itia tio n is b ro u g h t a b o u t b y a sp a rk th e grooves (GG) v e ry ra re ly ap p e ar. f T h e p h o to g rap h ic p la te w as a tta c h e d rigidly, em ulsion side u p w ard s to th e su rface o f a flat an vil. T h e explosive w as d istrib u te d (usually as a n u m b e r o f d ro p lets) on a th in piece of m ica restin g on th e em ulsion an d s tru c k w ith a flat brass surface.
shown well in figures 56 and c,* which were obtained from impact experiments, and in figure 10a in which the initiation was by spark. In figure 5a it is partly obscured by cracks in the plate originating from the region B.
Explosion patterns, such as those shown in the preceding pictures, have been obtained in a variety of w ays: by high-energy impact on a thin continuous film of explosive, by impact on a number of droplets and on nitroglycerine films in which air bubbles were present, and by spark initiation. The evidence points to the conclusion th at the explosion, irrespective of the method of initiation, spreads out for a short distance (0-5 to 1 cm.) as a relatively gentle process until it undergoes a sudden conversion to a second more violent type of propagation.* { • At the point where the transformation occurs the patterns show th at separating the two stages is a narrow band (width 0-5 to 1 mm.), which appears on the photographic plate as a dark space and on lead and brass surfaces as a band of unaffected metal.
R otating drum camera traces of the explosion
The relative intensities of the mechanical effects associated with the first and second stages of propagation indicate th at these two successive stages are con siderably different in nature. It might therefore be expected th at they would be propagated at different velocities. Earlier experiments with a rotating drum camera (Bowden et al. 19476) have indicated that when explosion is initiated by impact on a film of nitroglycerine containing entrapped air spaces the explosion beneath the hammer is first propagated at a velocity of about 400 m./sec. This velocity is maintained for about 0-5 cm. from the point of initiation, after which the explosion passes over to a considerably higher rate of propagation ( > 1000 m./sec.). The distance from the point of initiation at which the transformation to the higher velocity occurs was found to correspond roughly to the radius of the unmarked region shown in the blast pattern on the surface of the hammer. On the other hand, with other methods of initiation, an initial slow rate of propagation was not detected and no obvious discontinuity in the propagation velocity was observed. However, this latter result must now be revised in the light of results obtained with improved apparatus.
A rotating drum camera capable of better optical resolution and greater film speed has been set up. The results obtained have revealed a number of interesting phenomena which have not previously been detected.
E xperimental
The machine used was a Fraser High Speed Drum Camera (Bone & Fraser 1929) , specially adapted for the present investigation. In so far as the point of initiation * I n figure 5c th e re are a n u m b er of in d ep en d en t p o in ts of in itia tio n from each of w hich th e lum inous radii characteristic of th e first stage process em an ate. E a c h o f th e first stage regions so form ed is se p arate d from th e n e x t b y a d ark line w hich m erges w ith th e b a n d P P an d becom es indistinguishable from it. f T he second stage process m ay be caused to p ro p ag a te a n y desired d istan ce m erely b y in itia tin g th e explosion in a sufficiently ex tended a n d confined film o f explosive. cannot conveniently be predetermined when explosion is produced by impact, initiation was brought about in every experiment by the passage of a condenser discharge spark.* The apparatus is represented diagrammatieally in figure 6. The explosive was spread as a thin filmf between the upper brass confining surface X and a block of laminated glass Y which rested upon two flat rectangular steel slabs CC. The explosion was initiated by the passage of a spark between an electrode in the brass block X and a falling electrode which moved down the insulated spark hole O, the hole O being filled with the explosive. The light from the explosion passed through the narrow space between the two steel slabs and was deflected by a highly reflecting mirror M through the lens system L of the camera, finally coming to a focus on the film carried on the rotating drum D. Close to the drum was a metal sheet containing a linear slit S, of width \ mm., placed at right angles to the direction of movement of the film (see figure 6 ).
The spark hole was so clamped above the supporting steel plates th at its image fell upon the film; it was thereby possible to follow the entire course of the ex plosion, along the line of the slit, as it spread out from the point of initiation. Since the slit was at right angles to the direction of movement of the film, the traces were compounded of the velocities of propagation of the explosion and rotation of the drum. The angle from the horizontal of a trace at any point is therefore a measure of the speed of propagation of the explosion at th at point.
The film (Kodak Verichrome) was glued to the surface of the drum and for each experiment was hypersensitized with ammonia vapour. The drum was rotated at * 250V , 12/iF. f T he thickness of th e film of explosive could be co n tro lled b y th e use of m e ta l sp acin g pieces. I n th ese ex p e rim en ts th e film th ick n ess w as v arie d fro m < 0-01 m m . to 0-15 m m . speeds up to 15,000 r.p.m., though most experiments were made at 10,000 r.p.m., corresponding to a film velocity of about 150 m./sec. The speed of rotation could be read continuously from a quadrature tachometer coupled directly to the shaft of the drum.
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R e s u l t s Typical photographs are shown in figures 7 a, 6,* plate 13. Initiation has occurred at the point J , j from which the explosion propagates in both directions for a distance J P with a velocity of about 400 m./sec. $ as measured from the slope of the trace. In each photograph there is at P a marked discontinuity in the propaga tion velocity. Comparison of measurements of the horizontal length J P on the film with the extent of the unmarked region in the corresponding blast patterns has shown th at the discontinuity corresponds in position to the point of transition in the blast patterns from the first to the second stage of the explosion.
There is, furthermore, at P a small gap between the two portions B and A of the explosion trace. Within this gap there are no luminous effects visible. It corre sponds undoubtedly to the bands of unaffected metal in the explosion patterns (PP in figures 1, 3, 4 and 5).
Beyond P the inclination of the trace is much smaller. This corresponds to a velocity of propagation of about 2000 m./sec. J This portion of the trace (B) corresponds to the region of heavy blasting in the explosion patterns.
The characteristics of the traces which are of outstanding interest are those associated with the transition from the first to the second stages of the explosion. It may be seen from the figures (see, for example, figure 7 a) that the second stage actually begins from a point in the nitroglycerine film about .1 mm. ahead of the explosion front of the first stage. The dark space P in the explosion traces results from the fact that the first stage either never reaches this point or does so at a time subsequent to the initiation of the second stage. Again it will be observed (figure 7 6) th at a luminous process (R) originates at the dark space and proceeds hack at high velocity (roughly 1000 m./sec.) through the combustion products left in the wake of the explosion front of the first stage. These features are common to all the explosion traces, although they may not appear clearly in the photographs since in the printing of the negatives much detail is invariably lost. The various stages in the explosion traces are represented diagrammatically in figure 12, plate 15, and correlated with an actual explosion pattern on brass.
The photographs obtained with the drum camera immediately suggest a com parison with the well-known phenomena associated with the propagation of explosions in mixtures of combustible gases. This point will be elaborated in the discussion.
The velocities of propagation of the two stages
The velocity of the explosion can be calculated from the angle of inclination of the trace on the film and the speed of rotation of the drum. However, because of the short length over which the explosion is propagated in these experiments, the angles can only be measured roughly, and considerable scatter has therefore been obtained in the results. The average value for the propagation velocity of the first stage obtained from nine of the clearest photographs (17 measurements*) has been found to be 420 m./sec. ± about 15 %. This agrees with the value of approximately 400 m./sec. previously obtained (Bowden et al. 19476 ) from the impact experi ments mentioned above. The average of thirteen measurements made on seven of the 'best' pictures has yielded 1900 m./sec. + about 15 % for the velocity of the second stage.f The velocity of the 'retonation w ave' (R) has been estimated from several pictures to be in the region of 1000 m./sec.
Within the limits of error indicated above, increase in the thickness of the film from < 0-01 to 0T 5 mm. produced no change in any of the three observed velocities.
I t seems probable that the velocity of propagation of the second stage process, 2000 m./sec., corresponds to that of the so-called 'low' velocity detonation which is obtained when a tube of nitroglycerine is initiated with a weak detonator. Chariton & Ratner (1943) find th at when the nitroglycerine is confined in a glass tube of less than 2 mm. bore the low-velocity detonation is the stable one even when a powerful detonator is used. They give 1800 m./sec. for the low-velocity detonation in tubes of 2 mm. bore. In a wider tube with a powerful detonator the 'high' velocity detonation (~ 7500 m./sec.) is almost always set up.
The propagation in thicker films
In the experiments just described (e.g. figures 7a ,6, plate 13) the explosion occurred in films of nitroglycerine < 0-01 mm. thick. In order to ascertain whether there is any variation in the velocities of propagation with increasing thickness of the explosive film, a number of experiments were carried out with films up to 0T 5 mm. thick. Although no appreciable change in the velocity of either stage was observed, the results proved most interesting.
Figures 8a, 6, plate 13, are typical traces obtained from explosions in films 0-08 mm. thick. I t may be seen th at in these cases the 400 m./sec. first stage propagation is not set up immediately on initiation, but is preceded by a pheno menon which was not observed in traces obtained from films < 0-01 mm. thick. * B ecause o f th e p ro p a g a tio n in tw o directio n s tw o m e asu rem en ts o f th e v elo city can (usually) be m ad e on each p h o to g ra p h . f I n a p relim in ary co m m u n icatio n (Vines & M ulcahy 1946) a v alu e o f 1800 m ./sec. ± a b o u t 5 % w as erroneously g iven for th is v elocity. T his valu e w as b ased on th e se a n d o th e r e x p e ri m e n ts to be re p o rte d la te r, a n d sho u ld h av e re a d 1800 m ./sec. ± a b o u t 15 %.
The spark has initiated an explosion of very much higher velocity which sub sequently (at the point Z) is transformed to the normal 400 m./sec. process. However, the traces of this new phenomenon present a number of puzzling features, and since the present experimental arrangement is unable to achieve the high speed necessary for closer examination it is not possible to estimate its velocity beyond ascribing to it a lower limit of about 5000 m./sec. I t will be observed in figures 8a ,6 that the transitio propagation to the 2000 m./sec. second stage occurs exactly as in the thinner films; the £auto-initiation' of the 2000 m./sec. stage, i.e. its inception at a point ahead of the approaching explosion front of the first stage, and the retrograde process originating near this point, may be seen clearly.
The blast patterns impressed on the brass surface in these circumstances are also interesting (figure 9, plate 13). As reported in previous papers, the unmarked region is enlarged with increased film thickness, and beyond it the region of heavy blasting appears as usual. Within the 'unm arked' area, however, a ring Z may be noticed about the spark hole corresponding in position to the point at which the normal 400 m./sec. process first appears. The area enclosed by this ring is quite considerably depressed, and the brass shows signs of extensive recrystallization over the whole confining surface as a result of the deformation. It is clear, therefore, th at in thick films there are two distinct processes occurring before the final stage oi the explosion is set up. The possible nature of these processes will be discussed ater.
Experiments with plastic supports
A few experiments were carried out in which a block of transparent ' Perspex ', covered by a thin sheet of mica, was substituted for the glass block Y in figure 6. Under these conditions it was found that the high-velocity initial process was set up even in the thinnest films. Figure 106 , plate 14, is a camera trace obtained in such an experiment, and it may be seen that in this case the initial process was followed by a period of the 400 m./sec. propagation after which an 'auto-initiation' took place at P. However, the 2000 m./sec. process was not permanently set upas is always the case under these conditions-and after the ' auto-initiation ' the velocity of propagation continuously decreased. Figure 10c , plate 14, shows the blast pattern obtained in a similar experiment. The innermost region corre sponding to the high-velocity process can be seen clearly but apart from a narrow depressed ring (B) at the beginning, there is very little deformation corresponding to the final stage of the explosion (C in figures 106, c).
In these experiments the extent of each of the various stages of the explosion varied erratically. In the still photograph in figure 10a the initial high-velocity process was almost absent (it is not visible in figure 10a ). On the other hand, in the explosion of which figure 11a, plate 14, is the rotating drum photograph, and figure 116, plate 14, the blast pattern, the high-velocity explosion was propagated fora centimetre. Figure 11a illustrates clearly the very high velocity characteristic of the initial process. Figure 116 is especially interesting, since it shows th a t though the deformation resulting from the initial process is severe it is uniform, i.e. the surface is evenly depressed within the boundary Z. This is in marked contrast to the non-uniform pit marking type of deformation characteristic of the 2000 m./sec. propagation, a trace of which can be seen a t B (cf. figure 2, plate 12) . I t will be observed also th at in figure 106 the period of illumination after the passage of the explosion through the nitroglycerine is longer than when glass supports are used (cf. figures 7, 8, plate 13). This effect is undoubtedly mainly due to the fact th a t the glass blocks are quickly pulverized, and rendered opaque by the explosion, whereas the Perspex is shattered into relatively large pieces which remain trans parent after the explosion (cf, figure 10a ).
The initiation of the 2000 m./sec. stage
The drum camera traces indicate th at the 2000 m./sec. stage of the explosion begins ahead of the explosion front of the 400 m./sec. stage. However, the possi bility must be considered th at this may be only an apparent effect occasioned by the experimental arrangement. In the experiments described the explosion expands radially from the point of initiation, but the slit limits observation to events occurring along a single diameter of the explosive film. I t is therefore not im possible, a priori, th at in any particular experiment the 2000 m./sec. process is not ' auto-initiated ' but arises in the explosion front a t some point invisible to the camera. The apparent 'auto-initiation' shown in the trace could then be attributed to the 2000 m./sec. process crossing the slit a t a point ahead of the more slowly travelling 400 m./sec. explosion front. If this explanation is correct, the dark space P in the traces will not be found to extend continuously around the entire circle of the explosion front, or, more precisely, it will not extend on either side of an arbitrarily chosen point for a distance around the circumference of greater than five (i.e. 2000/400) times its width at th a t point. On the other hand, con tinuity of the dark space would indicate th a t the ' auto-initiation ' of the 2000 m./sec. stage is a real and not an apparent effect.
A considerable number of ' still ' photographs of the whole explosion have been taken with a plate camera, and though the pictures are frequently obscured by secondary effects, the evidence is strongly in favour of the essential continuity of the dark space (see, for example, figure 10a, plate 14) . This result has been con firmed by photographs obtained on the rotating drum after the same manner as the velocity traces, except th at the steel slabs CC (figure 6) were replaced by a single slab containing a window, and the slit S was removed so th at the whole explosion was registered on the film. This arrangement takes a photograph very similar to a 'still' photograph, but, as a consequence of the movement of the film, the leading half of the picture is less obscured by effects occurring subsequent to the explosion. Figure 15 , plate 15, is such a photograph. P P is the dark space. I t will be seen th at in the upper half of the picture it is clearly defined and is con tinuous over a t least half of its circumference.* This is strong evidence against the alternative explanation of the 'auto-initiation' phenomenon given above. I t seems clear, therefore, th a t the 2000 m./sec. stage is, in fact, initiated at a point in the nitroglycerine film ahead of the front of the 400 m./sec. process as indicated by the drum camera traces.
Other explosives
I t has been reported previously that when nitroglycol and other liquid explosives (molten T.N.T., tetryl, picric acid) are exploded by impact between flat surfaces, the blast patterns which result are remarkably similar to those obtained with nitroglycerine (Bowden et al. 19436) . Similar behaviour has also been found for molten P.E.T.N. and hexogen, and mixtures of tetranitromethane and toluene (Vines 1944) and for methyl nitrate. For example, a pattern from a tetranitromethane/toluene mixture initiated by a spark is shown in figure 16 , plate 15, in which the central unmarked area and surrounding zone of surface deformation are clearly visible. I t is possible, therefore, that the first stages of the propagation in all these liquid explosives are essentially similar to those which occur in nitro glycerine. Preliminary experiments with methyl nitrate and nitroglycol on the rotating drum camera have afforded some support for this hypothesis, since the traces obtained from these two substances are closely similar to those given by nitroglycerine.
It is interesting to compare the behaviour of nitroglycerine with that of solid primary explosives. I t is known that when certain primary explosives, notably mercury fulminate, are initiated by contact with a flame, detonation does not begin instantly but is preceded by a period of combustion or deflagration ('Anlauf'). Patry & Laffitte (1931) have studied this phenomenon with a rotating drum camera (cf. also Muraour (1942)). They find that when a train of mercury fulminate of appropriate dimensions is ignited in the open air, the explosion begins first as a relatively slow deflagration (~ 20 m./sec.) which, after a distance of propagation of a few centimetres, is abruptly succeeded by detonation (~ 2000 m./sec.). Further more, a retrograde wave of high velocity is sent back through the combustion products from the point where the detonation begins. There is an obvious analogy between this result and the behaviour of thin films of nitroglycerine, though the velocity of propagation of the first stage in the mercury fulminate experiments is about twenty times lower than that found in our experiments with nitroglycerine.
In view of this similarity of behaviour, it is perhaps not surprising that we have found th at when mercury fulminate is spread as a thin layer of powder between two metal disks and initiated at the centre by a spark, the deformation of the surfaces of the disks by the explosion does not begin at the point of initiation, but * Some of th e negatives of these p h o to g rap h s show th e presence of fain tly lum inous strea k s w hich cross th e d a rk space a t one or tw o p oints. 'T h e origin of th e strea k s is obscure, b u t th e ir presence does n o t in v a lid a te th e conclusion th a t th e d a rk space is continous since it is a p p a re n t th a t th e y trav e rse an alre ad y existing b a n d of darkness.
The initial stages of explosion in nitroglycerine 219
on the circumference of a rough circle a few millimetres from it; i.e. the blast pattern resembles (though not exactly) figure 2. On the other hand, when the mercury fulminate is replaced by lead azide, which is known not to give the initial period of deflagration but detonates immediately on heating, the deforma tion of the surfaces begins at the point of initiation: there is no central ' untouched ' region (Vines 1944) .
Discussion

The analogy with gaseous explosions
Reference has been made in a previous section of this paper to the similarity between the order of events which occur in the nitroglycerine film and th at peculiar to the setting up of detonation in a gaseous mixture. The work of Mallard & Le Chatelier (1883), Dixon (1903) and many others has shown th at the propagation of combustion along a tube filled with a combustible gaseous mixture normally begins as a relatively slow movement which, after continuing along the tube for some distance, is suddenly interrupted by the inception of the 'detonation w ave'. Thereafter, the explosion proceeds by a much faster and more violent process of constant velocity. Figure 14 , plate 15, a rotating drum photograph obtained by Dixon (1903) 01 such an explosion, has been reproduced for comparison with our photographs of the explosion in nitroglycerine. The scales of the two phenomena are, of course, quite different; Dixon's photograph represents a process occurring in a tube about 1 cm. in diameter and about 1 m. long, whereas figures record events taking place in a film of nitroglycerine < 0-01 mm. thick and about (twice) 2 cm. in length.
The most characteristic feature of the initiation of the detonation wave in gases is th at it begins suddenly, throwing back a strongly luminous fast-moving com pression wave (the 'retonation' wave) through the burnt gases. In Dixon's photograph shown in figure 14 the initial flame enters the picture near the top left-hand corner, and the transformation to detonation occurs in the centre ('r 5 is the retonation wave). According to a number of investigators (Le Chatelier 1900; Campbell & Woodhead 1926; Egerton & Gates 1927; Bone & Fraser 1929) the detonation wave commonly commences from a point a few centimetres ahead of the advancing front of the initial flame, i.e. the initiation of the wave is something of a spontaneous explosion occurring in the gas ahead of the flame. Figure 13 , plate 15, is a very striking high-speed photograph of the inception of detonation in a 1-3 cm. tube of carbon monoxide/oxygen mixture taken by Bone, Fraser & Wheeler (1935) . The flame enters the picture at high speed at the top right-hand corner; when it has reached about one-quarter the distance across the picture, detonation is spontaneously set up in the gas ahead of it and proceeds at higher velocity out of the picture; (' r' is the retonation wave). I t is clear th at there is a very close analogy between the effects observed in gaseous explosions and those shown by our drum camera photographs to occur (on a much smaller scale) in a thin film of nitroglycerine. In both cases the ex plosion begins as a relatively gentle and slow-moving process, which, after some distance of propagation, is transformed abruptly to the faster and more violent detonation. The spontaneous initiation of detonation ahead of the first stage explosion front, with the consequent dark space between the first stage and the detonation wave in the moving film photographs, is another common phenomenon -compare the parts of figures 7, 8 and 12, marked P with the photograph of Bone et al., figure 13 .* Again, the high-velocity retrograde phenomenon (R in figures 7, 8 and 12) which originates near the point of inception of detonation in the film of nitroglycerine, is analogous to the retonation wave in gaseous systems (r in figures 13 and 14) . The general aspect of the phenomena occurring after the initiation of explosion in a very thin film of nitroglycerine (and probably other liquid or molten explosives) may be considered a replica in miniature of an explosion in a combustible gaseous mixture.
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The first stage (400 m . / s e c. ) process, and the transi to the second stage (2000 m./sec.) Considerable interest attaches to che question of the mechanism of propagation of the first stage (400 m./sec.) process and to the cause of its sudden transition to detonation. In gaseous explosions the first stage (flame) type of propagation takes place mainly by conduction of heat; the temperature of each successive layer of unburnt gas is raised to the ' ignition point ' by heat transmitted to it by conduction (and convection) from the combustion of the preceding layer. On the other hand, in the detonation wave each successive layer is heated to its ignition point (at least in part) by adiabatic compression due to the passage through it of an intense shock wave. In view of the similarity between gas-phase explosions and the behaviour of nitroglycerine, it is not unlikely that the propagation of the first stage of the explosion in nitroglycerine is conditioned by the transfer of heat from the zone o fc combustion5 to the next layer of undecomposed explosive ahead, though the details of the propagation mechanism must be somewhat more complex than in the case of flame propagation, since with nitroglycerine the explosion products are gaseous, but the undecomposed explosive is initially in the liquid state.
I t has been suggested, on the evidence of the blast patterns and stationary light photographs, that the first stage process consists of a deflagration occurring in the vapour phase, and that in the second stage, the explosion is propagated through the liquid phase (Bowden et al. 19436) . It was assumed that a pocket of vapour forms about the first nucleus of decomposition at the point of initiation; vigorous combustion takes place within the vapour, the heat evolved in the reaction evaporating more explosive from the surrounding film. The zone of com * I t will be observed th a t in figures 7 a n d 8 th e in itiatio n of d eto n atio n occurs a t a distan ce of 0*5 to 1 m m . ahead of th e explosion front, w hereas in th e gaseous explosion ( figure 13 ) th e au to -ignition tak es nlacc 6*4 cm. ahead of th e flame. bustion was visualized as being separated from the liquid phase by a narrow layer of vapour in which the explosive, newly evaporated, is heated to its ignition temperature. Thus the liquid surface, continually evaporated by conduction from the combustion zone, recedes and is followed by the layer of cool vapour, and finally by the combustion zone itself. The rate of propagation of the explosion is therefore dependent on the transfer of heat from the gaseous explosion front to the undecomposed liquid ahead of it. I t was suggested further th at the transition to the second stage of the propagation results from the initiation of the explosion in the liquid phase by the impact on the liquid surface of a shock wave passing across the layer of cool vapour, or by sudden heating of the liquid by increased radiation from the explosion front.
At first sight the experimental results reported in this paper appear to give some support to this hypothesis. The considerable difference between the propagation velocities of the two stages, as well as their different mechanical intensities, points to a basic difference in the mechanisms. It is clear th a t the initiation of the second stage does, in fact, occur spontaneously at a point ahead of the first stage explosion front, and there is evidence that the point of auto-initiation is separated from the advancing first stage explosion front by a relatively cool space, since the retonation wave, which presumably is a shock wave sent back at the moment of initiation of detonation, is visible only in the hot gaseous products in the wake of the first stage process. If, therefore, it be assumed (as seems probable) th at the second stage is a liquid phase process, then the dark space (P) in the photographs could be identified with the preheating layer of cool vapour ahead of the explosion front at the moment of the initiation of the second stage.
However, in spite of the general compatibility of the explosion traces with this mechanism, the value of 400 m./sec. found for the velocity of propagation renders it untenable, at least in the form outlined above. A simple calculation shows th a t the recession of the surface of the liquid by evaporation at 400 m./sec. would involve an impossibly high value for the thermal conductivity of the layer of vapour. Belajev (1938) has proposed a similar mechanism for the deflagration type of propagation common to high explosives, ,and has provided evidence for it in the cases of nitroglycol and (less directly) a number of other substances (Belajev & Jusephovich 1940; Belajev & Samburskaya 1941) . The deflagration process investigated by Belajev is, however, normally propagated through the explosive at a velocity of less than 1 mm./see. and even if the deflagration occurred under pressures corresponding to the detonation pressure (which is certainly greater than the pressure acting during the first stage process of our experiments) it is im probable th at its propagation velocity would be greater than a few metres/sec. (cf. Schmidt 1938) . Furthermore it is improbable th at absorption of radiation from the combustion zone transmitted across the vapour screen could supply the heat of vaporization, since the heat required per square centimetre to account for a velocity of 400 m./sec. is many orders of magnitude greater than the total energy radiated from a black body at a temperature of 4000° C.
The rotating drum photographs provide no evidence as to the cause of the sudden inception of the second stage. In gaseous explosions this is occasioned by the presence of shock waves which break through the flame front from behind and travel ahead of it (Bone et al. 1935; Payman 1928) . The possibility of detecting such shock waves in our experiments is remote, and the question of their existence must therefore remain open, though it would not be expected th at their influence would be so critical in view of the fact th a t the medium is liquid. On the other hand it does not appear th at the inception of detonation is preceded by increased luminosity of the first stage explosion front as postulated previously.
However, the photographs suggest th at the initiation of the second stage occurs at a phase boundary (or at least at some other discontinuity) since after initiation, the second stage process is propagated in the forward direction only. If it were initially set up at a point within the liquid (or other) phase it would also be pro pagated in the backward direction until it reached the first stage explosion front (in the manner of gaseous explosions, e.g. figure 13 ). On the contrary, in the photographs there is a dark space between the point of inception of the second stage and the first stage explosion front.
Though it is clear that the high velocity of propagation necessitates abandoning the mechanism of the first stage process involving evaporation of the liquid, no plausible alternative hypothesis has been found so far, which will explain satis factorily the nature of the dark space and the ' auto-initiation ' of the second stage process.*
The propagation in thicker films
It has been shown that in thicker films of nitroglycerine, the explosion begins at a very high velocity ( <c 5000 m./sec.), which is maintained for a few millimetres and then falls abruptly to 400 m./sec. I t is well known that nitroglycerine has two characteristic velocities of detonation-the 'high' velocity of about 8000 m./sec. which is normally set up by powerful initiation, and the ' low ' velocity of about 1800 m./sec. which is set up by weaker initiators. It is possible that, under the conditions of the experiments with the thicker films, the high velocity detonation, or a type of propagation approaching it, is initially set up. This conclusion is sup ported by the fact that the phenomenon is accompanied by a violent mechanical effect on the confining surfaces. The appearance of the phenomenon in thicker films is probably occasioned by lower heat loss to the confining surfaces at the beginning of propagation. * A lth o ugh th e re is no d irect evidence to su p p o rt it, an a lte rn a tiv e h y p o th esis w hich elim in ates th e difficulty m ay be te n ta tiv e ly su g g e sted : I t is p erh ap s possible th a t th e reactio n involved in th e first stage process occurs in tw o s te p s : (1) a n on-actinic decom position reactio n giving activ e in te rm ed ia te p ro d u cts or radicals, w hich th e n (2) afte r a sh o rt tim e lag re a c t to g e th er in th e gas phase e m ittin g light a n d supplying th e h e a t (or rad iatio n ) necessary to in itiate th e decom position reactio n in th e n e x t layer ahead. Such a hy p o th esis as th is w ould ' ex p lain ' th e phenom ena of th e explosion trac es qu ite as well as th e ev ap o ratio n m echanism , w ith o u t necessarily involving a v ery low velocity of p ropag atio n . I t is interesting th at the explosion in the thicker films, which begins at a high rate of detonation, passes through a period of the 400 m./sec. type of propagation before reaching the stable velocity of 2000 m./sec. I t is possible th at the explosion begins in every case at high velocity, but in very thin films is immediately damped down to the 400 m./sec. process.
Propagation after initiation by impact
Under most conditions of impact the initiation of the explosion in nitroglycerine is brought about by the adiabatic compression of tiny air spaces entrapped in the liquid during the impact (Bowden et al. 1947 a) . The fact th at the general aspect of the blast patterns and stationary photographs obtained from impact experi ments is identical with that of patterns obtained by spark initiation is strong evidence th at the sequence of events after impact initiation is similar to th at observed in the rotating drum camera photographs obtained with initiation by spark. Experiments previously reported have shown th at when initiation is effected in a very thin film by adiabatic compression of air spaces the explosion begins at about 400 m./sec. (Bowden et al. 19476) . The question arises, however, as to whether in a thicker film the explosion begins as the normal first stage 400 m./sec. process, or as a process of higher velocity. I t is probable that, under these conditions the explosion does, in fact, commence at 400 m./sec. But whatever its initial velocity may be, it is clear, in view of the similarity of the blast patterns to those obtained in spark experiments, th at the explosion rapidly assumes the 400 m./sec. type 'of propagation, after which the 2000 m./sec. detonation is set up in the normal manner. 
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